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On: Thu, 03 Jan 2019 22:48:18 Both anaerobic and aerobic liquid cultures were used to evaluate the morphological effects of the antibiotic on the fungus. The culture media were inoculated to a final concentration of 104 spores per ml. To produce anaerobic hyphae, the spores were germinated at 28 "C in liquid YPG medium containing 0.1 or 0.2 yo glucose; purified nitrogen was continuously bubbled through the cultures (Bartnicki-Garcia, 1968 a) . Yeast cells were grown under similar conditions except that N, was substituted by a mixture of 30 yo CO, + 70 yo purified N,. Aerobic hyphae were grown in Erlenmeyer flasks containing liquid YPG medium with 0.1 % glucose. The flasks were agitated on a reciprocating shaker at 28 "C.
S. B A R T N I C K I -G A R C I A A N D E. L I P P M A N
Colonies of Mucor rouxii on agar pIates were used to examine the effects of polyoxin on hyphal tips. The plates were prepared with YPG medium diluted 16-fold and adjusted to pH 5-5. Plates were inoculated with a loop of M. rouxii spore suspension placed on the centre of the plate. The fungus was grown for 16 h at 28 "C. Several drops of 480 pM-polyoxin (PH 5-35) were applied to a small area on the periphery of the colony.
Crude chitin synthetase preparation. A flask with 500 ml of liquid YPG medium was inoculated with 10' spores and incubated at 28 "C on a reciprocating shaker for 8 h. The resulting young hyphae were harvested by filtration on a coarse sintered glass filter and washed with 0.05 M-potassium phosphate buffer, pH 6.5, containing 0-01 M-M~CI,. The slurry was transferred to a centrifuge tube and sedimented at 20008 for 10 min. The pellet was disrupted by freeze-thawing ) and the preparation was centrifuged at 2000 g for 10 min at 4 "C. The supernatant was discarded and the pellet washed with buffer until a clear supernatant was obtained. A suspension of the resulting pellet in buffer constituted the crude chitin synthetase preparation.
Chitin synthetase assay. The assay system contained 20 mM-N-acetyl-D-glucosamine, 0.4 mM-ATP, 0.2 mM or 0.4 ~M -U D P -~~C -G~C N A C (0.5 x 105 d.p.m.) and 0.2 ml of crude chitin synthetase in a total volume of 0.5 ml. Polyoxin D in water was included in the concentrations shown. After 10 min at 22 "C, the reaction was stopped by acidification with 20 ,ul of glacial acetic acid and the mixture filtered through a millipore filter (type HA; 0.45 pm). After washing with ethanolic-alkali (aqueous I N-NaOH : 95 yo ethanol, I : 2, vlv), the filter with the residue was suspended in 'Aquasol' (New England Nuclear Corporation) and counted in a Packard Tricarb liquid scintillation spectrometer. The radioactivity in the residue was a measure of chitin synthesis .
R E S U L T S
Eflects on growth and germination. The sporangiospores of Mucor rouxii germinate in two stages (Bartnicki-Garcia, Nelson & Cota-Robles, 1968): in Stage I, the ellipsoidal spore grows into a large sphere; in Stage 11, a germ tube (or a spherical bud in yeast cultures) is emitted. Polyoxin D affected both stages of germination and at 19 to 190 ,UM (10 to IOO pg/ ml) inhibited the germination and growth of M . rouxii. Inhibition was greater in anaerobic cultures, thus I g pM-polyoxin D caused severe retardation of germ tube emission in cultures grown under N, (Fig. 2c, d ) ; in aerobic cultures, there was only a slight reduction in germ tube length (Fig. 2 a, b) . Eventually growth inhibition by this concentration of polyoxin was overcome and the amount of growth under both aerobic and anaerobic conditions approached that of the control cultures. In aerobic cultures with 19 pM-polyoxin D, essentially all spores germinated, but in anaerobic cultures (N2 or CO,) many spores failed to reach stages I or I1 of germination ( Fig. 2d) .
At 190 to 480,~M-polyoxin D, growth was almost completely inhibited under either aerobic or anaerobic incubation, most spores failed to germinate, the few that did developing no further than Stage I germination (large spheres). In aerobic cultures, an occasional spherical cell emitted atypical, highly branched hyphae (Fig. 3a) . On transfer from this concentration of polyoxin to antibiotic-free YPG agar plates, growth was not resumed.
At high concentrations of polyoxin D, particularly 4 8 0 ,~~, the majority of the spores incubated under aerobic conditions rounded slightly and exhibited a small protuberance as if they were about to go into stage I1 of germination, by-passing Stage I (Fig. 4) . However, these cells had died as they failed to recover when transferred to polyoxin-free medium.
Eflect on dimorphism. To test if polyoxin D had any effect on the mycelial-yeast dimorphism of Mucor rouxii, we examined cultures incubated under an atmosphere of N, or 30% CO, within the inhibitory range of the antibiotic (38,76, I 14, 152 and 190 p~) .
These atmospheres would normally lead to the formation of hyphae or yeast cells respectively.
Despite severe growth inhibition, polyoxin D did not alter the usual pattern of hyphal morphology obtained in cultures incubated under N,. In cultures incubated under 30 yo CO,, most of the spores, which were capable of germination in the presence of polyoxin D, developed typical yeast buds. Occasionally, the buds were elongated, rather than spherical, and on prolonged incubation some developed into hyphae. However, hyphae were not formed in polyoxin-inhibited cultures when the glucose concentration of the medium was raised to I o/o. Incompletely germinated spores (Stage I spherical cells) showed a tendency to aggregate to one another and to ungerminated spores, sometimes giving the false impression that they were budding yeast cells. These inhibited cells also showed a ragged external appearance (Fig. 3b) . Interference with apical growth. Application of rgo to 480 pM-pOlyOXin to the margin of a colony of Mucor rouxii grown for 16 h on dilute YPG agar caused the growing tips to burst (Fig. 5 a) . Bursting time and frequency depended on concentration; the earliest bursts occurred about I min after addition of 480 pM-polyoxin or two to three min for 190 ,UMpolyoxin. The effect was not due to simple osmotic shock since addition of distilled water caused no bursting of the hyphal tips of M . rouxii grown on dilute YPG.
S . B A R T N I C K I -G A R C I A AND E. L I P P M
Bursting of organisms in liquid cultures. Bursting was also commonly observed ( Bursting occurred regardless of the atmosphere of incubation; i.e. both yeast and hyphal forms were capable of disintegration. In the presence of 0.5 M-mannitOl, (Fig. 6 ). Regression lines were calculated for each set of data.
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S. B A R T N I C K I -G A R C I A A N D E. L I P P M A N
The kinetics of inhibition of Mucor rouxii by polyoxin D were determined at various concentrations of polyoxin and at two different substrate concentrations. The kinetic data (Fig. 7) plotted according to Dixon (I953), indicate inhibition of a competitive type and a K, value of 0.6 ,UM. The K, for UDP-GlcNAc measured earlier was 500 p~ ). t Endo et al. (1970) . Keller & Cabib (1971) .
Polyoxin inhibition of Mucor rouxii
$
D I S C U S S I O N
Growth inhibition. Polyoxin D is a strong inhibitor of the growth of Mucor rouxii in a concentration range comparable to that found for Neurospora crassa and other fungi (Endo et al. 1970; Isono et al. 1967) .
Only higher fungi, particularly phytopathogenic species, have hitherto been listed as organisms susceptible to polyoxins (Isono et al. 1967; Endo et al. 1970 ); our findings demonstrate that Zygomycetes should also be included among the polyoxin-sensitive fungi. Moreover, the mode of action of this antibiotic in Mucor rouxii appears to be the same proposed for Neurospora crassa (Endo et al. 1970) , namely, a powerful competitive inhibitor of UDP-GlcNAc in chitin synthesis. The degree of inhibition of chitin synthetase of M . rouxii was comparable to that found for other fungi. In all cases, the K, values were about 1000 times smaller than the corresponding K, for UDP-GlcNAc (Table I) .
Cell wall efects. Endo et al. (1970) found that spherical cells formed in cultures of Cochliobolus miyabeanus treated with polyoxin D were osmotically fragile -an indication of a weakened cell wall. The frequent finding of burst cells in liquid cultures of Mucor rouxii is evidence that polyoxin D also causes a weakening of its cell walls. This conclusion is supported by the bursting of growing hyphal tips of M . rouxii during treatment with polyoxin D. The bursting occurs at the precise region of chitin synthesis, i.e. the hyphal apex (Bartnicki-Garcia & Lippman, 1969 , and the brief delay following application of the antibiotic probably represents the time necessary to produce a sufficiently weak, chitindeficient, apical wall.
Morphological efects. Even though polyoxin D appears to act by the same basic mechanism in different fungi, i.e. chitin synthetase inhibition, the exact morphological effects may vary. In Neurospora crassa and Cochliobolus miyabeanus, Endo et al. (1970) reported no inhibition of germination rate at ~o o p~-p o l y o x i n D, but the germ tubes were greatly distorted. The germ tubes of N . crassa eventually ceased growing, but those of C. rniyabeanus continued to grow until they ruptured. However, when the latter were osmotically protected they formed large protoplast-like structures. In contrast, in Mucor rouxii, germ tube morphology was not markedly affected whereas the frequency and rate of germination were greatly diminished by comparable concentrations of polyoxin D.
In view of the finding that polyoxin D caused marked changes in the morphology of Cochliobolus iniyabeanus (Endo et al. 1970) , we tested the possibility that polyoxin, via inhibition of chitin synthesis, could also affect the patterns of dimorphic development of Mucor rouxii; e.g. induce the formation of yeast forms under conditions which would normally favour hyphal morphogenesis or vice versa. This was not the case. Within the growth inhibitory range, there was no evidence of yeast formation under either N2 or air.
